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Abstract: We propose a new algebraic deformation of M = 4 SYM via decomposition of 
spinor and scalar fields in vector supermultiplet. This decomposition generates degrees of 
freedom of usual quarks and leptons and the deformation model is a low energy effective 
model. We show that supersymmetry is broken in certain limit and the deformation model 
reduces to a SM-like model, or a QCD-like model. Meanwhile, gauge symmetry can be 
spontaneously broken by nontrivial supersymmetry vacuum. 
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1. Introduction 

Today, more and more physicists have believed that the supersymmetry (SUSY), which is 
treated as maximum symmetry allowed by S-matrix|l), is fundamental symmetry of action 
of quantum field theory ||]. During the past two decades, many SUSY models, such as su- 
pergravity, super Yang-Mills theory (SYM) (and consequently, the supersymmetric version 
of standard model (SSM)) have been widely studied. All of these SUSY models include 
large number of field degrees of freedom, and most of them are out of our current observable 
world. For instance, in SSM, besides of well-known standard model particles: gluon, quark, 
lepton, there are also their superpartners: gluino, squark, slepton, .... However, all of 
these superpartners were not found by current experiment. Traditionally, it is believed 
that those missed degrees of freedom are very heavy when SUSY is spontaneously broken. 
So that they did not be observed in current experiment spectrum. Unfortunately, so far 
we still can not find a simple and wide-accepted mechanism to spontaneously break SUSY 
even though large number of remarkable results have been achieved [Q, ||, [|. Consequently, 
we still can not satisfactorily interpret how these particles are missed. This may be because 
the mechanism of SUSY spontaneously breaking is very complicated, but are there other 
possibilities? This is just purpose of this paper. 

Our work was motivated by Maldacena's conjecture on Ads/CFT corresponds Q, which 
states that N = 4 SYM in four dimension is dual to IIB string theory on Ads§ x S§. 
This conjecture provides a principle method to deal with strong coupling case of quantum 
field theory. In particular, it seem to emerge a possibility, that we can directly calculate 
nonperturbative effect of QCD from QCD. This purpose has been partly achieved in some 
literature J7|. For example, the spectrum of glueball has been calculated)^] and agree with 
result of lattice QCD. However, it is still very difficult to deal with interaction of state 
involving quarks. The essential reason is that, in M = 4 SYM, fermion fields are adjoint 
representation of gauge group rather than fundamental representation of gauge group. 
The usual method to construct SSM from SYM is to add extra chiral supermultiplets, 
which are fundamental representation of gauge group and represent quark, lepton and 
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their superpartners. Unfortunately, we can not obtain this type of chiral superfields from 
string theory and its dimensional reduction. It seem to imply that the quark and lepton 1 
can not be defined (perturbatively at least) in string theory. However, whether can quark 
or lepton be generated by vector multiplet itslef via deformation of SYM or spontaneously 
breaking of SYM? We will suggest a new deformation of N = 4 SYM in this paper and 
show that this can indeed be achieved. 

Our idea is originated by knowledge of group theory: The adjoint representation of 
SU(N) group can be generated by directly multiplication of N and N representation of 
SU (N) group. Then vector spuermultiplet of N = 4 SYM can be decomposed into a 
scalar field, four spin 1/2 fermions and a vector field. Here all of these scalar field and 
fermions are fundamental representation of gauge group. This idea proposes a simple al- 
gebra deformation on J\f = 4 SYM and the deformation indeed yields similar field degrees 
of freedom of SM-like model or of QCD-like model. R-symmetry, furthermore, will corre- 
spond to generation symmetry of SM-like model, or flavor symmetry of QCD-like model. 
The simple dimensional analysis requires a scale parameter M appearing in deformation 
model. It indicates that the deformation model will be low energy effective model, and its 
Lagrangian will be expanded in power of 1/M 2 . When energy is much lower than scale 
M, only part of Lagrangian is survived. Thus this method provides a natural mechanism 
to "spontaneously break" SUSY. Meanwhile, the new scalar fields in deformed model are 
no longer Higgs bosons, rather, they are Goldstone bosons corresponding to SUSY spon- 
taneously breaking, or even they do not appear as dynamical degrees of freedom in certain 
condition. 

In the next section, we propose a simple algebra deformation on J\f = 4 SYM. It yields 
a low energy effective theory. In section 3, We discuss some properties of this deformation 
model. Section 4 is devoted a brief summary and discussion. 



2. New Deformation of M = 4 SYM 

The supermultiplets of N = 4 super Yang-Mills theory contains a spin-1 gauge boson 
A a , four spin 1/2 Majorana spinors ^f A and six scalar fields <& AB (they belong to an 
antisymmetric tensor representation of SU(4) group so that A, B are antisymmetric). 
Here A, B = 1,2,3,4 denote indexes of SU(4) R-symmetry a, b = l,...,N 2 — 1 denote 
indexes of adjoint representation of gauge group. The Lagrangian density of N = 4 SYM 
can compactly be written in the manifestly SU (4)-invaraint form 



C = ^Tr{(D^ AB )(D^ AB )^} + i^Tr (^> A p^ A ) 

AB A 

-v^Re Y, Tr (*A7s[$ab,*b]) - I Yl Tr([$ AB ,$CD} 2 ) 



AB ABCD 
1 n 2 f) 

_ J7 a TPW _|_ 9_JJ_ uupa pa rpa rtll 



1 In this paper, quark and lepton denote spin 1/2 fermion which belong to fundamental representation 
of gauge group. 
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where 

D^ A = d^ A + i[A^^ A ], 
D,&ab = d,&AB + i[A„, $ab]- (2.2) 

The Majorana spinor fields and scalar fields in the vector supermultiplets can be decom- 
posed to a set of scalar fields (fi and four sets of Majorana spinors Xa%, 



1 2 

^Aij = ^y={(/)i^Aj + ^Ai<f>j - j-f&l^AlSij), 

1 - - 2 - 

^Aij = —^(4>i^Aj + ^Ai4>j - -TT&^A&j), (2-3) 



1 12 

{®AB)ij = M~ 2 (\ Aj -/ 5 \ Bi - X B jj5^Ai) ~ ^ Z ABUij(ip) - -(1 - — )Z AB Sij, 



where i, j = 1, N are indexes of gauge group, 



(2.4) 



U ij = 5 ij -2Mj => U- X = U, (2.5) 
and Zab is central charge associating with extended supersymmetric algebra 

{QAa,QBb} = e a bZAB e = io2 = pV (2.6) 

Since A^ are fundamental representation of SU(N) gauge group, its gauge transfor- 
mation — » A^ = Q(x)X A (Q^£l = 1) makes X A i no longer be Majorana spinor in general 
gauge. In this paper, it is convenient to adopt a specific version of Wess-Zumino gauge 
(hereafter we call it as SWZ gauge) in which is antisymmetric, i.e., its nonzero elements 
form an adjoint representation of SO(N) subgroup of SU(N) group. In SWZ gauge, Xa 
will be Majorana spinor, and the covariant derivative 

D^X A = d^X A + iA^X A , 

D^X A = O^Xa - iX A A„ (2.7) 



are well-defined. In addition, since ^ A is Majorana spinor, eq. Q2.3] ) requires that (f> is real 
field in SWZ gauge. 

Now inserting eq. ( |2.3| ) into Lagrangian of J\f = 4 SYM, we can derive effective La- 
grangian of deformation model. 

1. Using the properties of Majorana spinors, AaO^Aaj = — XAjlfiXAi, and defining 
Mij = fafa, we have X A MAMX A = X A (pM)X A = X A M(ftM)MX A = 0. So that 

Tr (V A p* A ) = X A pX A + {\ + ^)Xa1^MM - M8»M)X A 

+{l-^)X A M[pX A )+X A {MA+AM)X A . (2.8) 
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The kinetic term of spinor can be diagonalized via field redefinition 

X A — ► (l + aM)X A , (2.9) 



with a = —1 + \/ 2(n-i) • Then eq. Q2.S| ) becomes 



Tr {^aP^a) = \aP\a + ~(1 + 2a)\ A ^(D^U - WD»U)\ A 

= X A p\ A - (1 + 2a)\ Al ^D»U)\ A , (2.10) 

where 

D, x U = d lx U + iA ll U-iUA lx . (2.11) 

Furthermore, in order to make the coupling between spinor and gauge boson be 
standard form, we can let that 



A M = 4 + ibtfD'^U, & = ^_i + ^_ij, (2.12) 

where 

D' lt U = d IJ ,U + iA' IJI U-iUA' lt . (2.13) 

Then finally we have 

Tr(* A p*A) =XaP'Xa (2.14) 
2. Inserting eq. into F^ u F a ^ and e^ pa F^F^, and using eq. ( PD , we have 



Tr (F^F^) = (1 + 26 + 26 2 )Tr {F'^F 1 ^) - 26(1 + 6)Tr [F'^F'^U^ 

-2b 2 Tr (p'^D' v UD^U ] D w U - D'JJ ] D'^U D' V U ] ~D' V U^ 

+4ibTr (i^ZW+ZW) (2.15) 
e^Tr {F^F pa ) = (1 - 26 + 106 2 )e^ CT Tr {F^F' pa ) 
+26(1 - 5&)e""Tr (F; w U^F' pa u] 



f 2 / \ 
3- rr{( J D M $AB)(T' M ^AB) t } = (^^'^j + four fermion 

terms (suppressed by M~ A ) (2-16) 
with / 2 = 5> + 26) 2 |Z AB | 2 . 

AB 

4. The deformation of V2{{$AB)ij[^ Ajklb^ Bki ~ ^ Akil^ Bjk]} only yields some four 
fermion terms which is suppressed by M~ 2 . 
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5. The deformation of the term Xmbcd ^ r {[^ab, $cd] 2 ) is nothing other than gener- 
ating four fermion terms (suppressed by Z 2 /M 4 ), six fermion terms (suppressed by 
Z/M e ) and eight fermion terms (suppressed by M~ 8 ). 

Finally, the Lagrangian of deformation model is written 

A 

-6(1 + b)Tr {F^F^M - F^MF^M) - l -bTr (f^ v D^D v U 
b 2 / 

+^Tr [D IJ ,U ] D y UD^U 1[ D u U - D^U ] D^U D V W D U U 

-06(1 - 5b)e^Tr (F^F pa M - F^MF^M) 

+ four fermion terms (suppressed by M~ 2 and M -4 ) 
+ six fermion terms (suppressed by M -6 ) 

+ eight fermion terms (suppressed by M~ 8 ) (2-17) 
3. Characterization of The Deformation Model 

In this section we discuss some important properties of the deformation model parametered 
by Lagrangian ( |2,17| ). 

Gauge invariance 

The Lagrangian ( 2.17| ) is manifest gauge invariant under the following gauge transformation 



a a — ► n{x)\ A , n(x) g su(n), 
u — ► nun\ m — ► oms^, 

— > QAnri* + -n^n*. (3.i) 



In the previous section, the Lagrangian ( |2.17|) is written in SWZ gauge. It can be written 
in general gauge via the above gauge transformation. In general gauge, however, Xa is 
neither Majorana spinor nor Dirac spinor. 

Symmetry breaking, Low energy limit 



Two dimensional parameters, M and Zab, present in Lagrangian (pT7|) . So that this 



deformation model no longer is a renormalizable theory, rather, it is a low energy effective 
model. In other words, it includes the coupling of multi fermions and is similar to extended 
Nambu-Jola-Lasinio model. In Lagrangian ( |2.17 ), although the supersymmetry has become 



highly nonlinear, it is still kept. The conformal invariance, however, has been broken when 
dimensional parameters are introduced in deformation ([2.3]). 

Another interesting issue is low energy limit of this deformation model, i.e., for energy 
scale (i « M or M -» do. In this limit, the terms on multi fermion coupling can be 
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ignored. Then the supersymmetry is manifest broken in low energy limit and we obtain a 
SM-like model except for the terms associating coupling of scalar fields. Up to the gauge 



transformation 3.1), there are N scalar field in this deformation model. They are dynamical 
degrees of freedom of deformation model. However, the coupling among them fields are 
nonlinear and their decay constant / is dimensional. Therefore, these scalar fields are not 
Higgs bosons in this SM-like model (for M — ► oo), rather, they become Goldstone bosons 
corresponding to SUSY breaking. 

Since there is another dimensional parameter Z = y/^2 AB \z A b\ 2 in deformation model, 
the limit of M — > oo is not unique. In general, there are three possible limits: 

i Z -C n -C M. From kinetic term of scalar fields we can see that the physical scalar 
fields are obtained via field rescaling <p — ► <p/f ~ (fi/Z. Then dynamics is dominant 
by Goldstone bosons in this case. 

ii Z ~ fjL <C M. In this case, both of the interaction of Goldstone bosons and one of 
other fields are important. 

iii Z ~ M S> /i. This case is very interesting and important. All interaction associating 
Goldstone bosons are frozen out in this case. Then remain dynamics is parametered 
by the following Lagrangian 

A 

-f 2 Tr([A^<M>][A^<M>]). (3.2) 

Here < Ai > denotes expectation value of Ai. It can acquire a non- vanish value, and 
then, gauge symmetry is spontaneously broken (detail discussion see next subsection) . 
In this limit, therefore, N = 4 SYM reduces to a SM-like model. 

Gauge symmetry spontaneously breaking 

In original M = 4 SYM, the condition of SUSY unbroken, 

[$ab,$cd}=0, (3.3) 

allows many degenerate vacuums. In particular, it allows that the vacuum expectation 
value of scalar fields takes some nonzero values. For example, we can set < Ai >= c^T 1 
and require at least one of real coefficients c, nonzero, where T % are symmetric generators of 
SU(N) group. From decomposition Q2.3j ) we can see that this is indeed a supersymmetric 
vacuum. It is well-know as a special direction is taken in isospin space, and gauge symmetry 
is spontaneously broken partly. Consequently, part of gauge bosons acquires a mass and 
others (one of parallel to this direction) still remain massless. The former corresponds 
to a Higgs vacuum, and the later corresponds to a confine vacuum. This mechanism, as 
showing in many literature ||, reveals a method to spontaneously break gauge symmetry 
but without extra Higgs bosons. In addition, since we focus our attention on the case with 
Z — > oo (or / — ► oo), we must expect that the expectation value < M. > (or < <&ab >) is 
small fluctuation only and is restricted as Z < M. >~ mjy. 
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Generation and masses of fermions 

It is different from super symmetry and conformal invariance, that R-symmetry of M = 4 
SYM is remained in deformation model even when the limit M — > oo is taken. In low 
energy limit, R-symmetry become generation symmetry of SM-like model, or we can call it 
as general " flavour" symmetry. It indicates that there should be four generation in the SM- 
like model. All of these fermion are massless. However, it is because our decomposition ( |2.5| ) 
is too simple. If we replace decomposition of scalar fields <3?ab by 



1 12 

--ZABUiiW) - g(l - Jf)ZAB$ij, 

(3.4) 



with Uij = e m ^ i ^'Uij and real constant a. Then Yukawa coupling terms of M = 4 SYM 
will yield mass term of fermions, 

($> AB)ij[V Ajklb® Bki ~ ^Akil^Bjk] 

= (aTjy"!) + ^ " 2 ) Zab1a < e ia ^-^M > 15 X B + (3.5) 

when expectation value < e ia ^ i—I ^>)«M > does not vanish. We can see that the mass gap 
among different generation is created by central charge Z AB , an d the mass gap among 
different fermions in same generation is created by expectation value < e ta ^ i ~^^ Ai >. 
Since < ZM. >~ mw, the masses of heavier fermions are also order to mw- 

Toward QCD 

If < Ai >= 0, we achieve a theory with asymptotically freedom. In other words, La- 
grangian ( |3.2j ) exactly becomes Lagrangian of QCD with four flavors massless fermions. 
Even though gauge symmetry is spontaneously broken by a nontrivial SUSY vacuum, the 
theory possesses a confine vacuum (and a Higgs vacuum). It is difficult to separate the 
confine theory from whole theory and beyond the scope of this present paper. Alternately, 
there is another simple method to obtain a QCD-like model via deformation of N = 4 
SYM. 

To replace eq. (|2.3|) by the following decomposition 



^Aij = —r={<Pi^Aj + ^Ai4>j), 



1 

^Aij = -j=(<t>i\Aj + X~Ai<t>j), (3.6) 

1 12 

($AB)ij = M' 2 (X Aj j 5 X Bi - \ B jlbXAi) - -Z AB Uij(ip) - -(1 - —)Z AB 5ij, 

and impose condition Y2i fa^Al = as traceless condition of spinors ^f A , we obtain a rather 
simple deformation model 

C = iJ2 ~^aP\a - \F; v F a ^ + J^Le^F^ 

A 
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+ X -S^\Z AB \ 2 Tr (d^D^u) 

AB 

+ four fermion terms (suppressed by M~ 2 and M~ 4 ) 
+ six fermion terms (suppressed by M~ 6 ) 

+ eight fermion terms (suppressed by M~ 8 ) . (3-7) 

It must be stressed that the condition ^ <PiXai = can be imposed only for N > 2. 
The reason is follows: In order to keep spinor \ A i as independent dynamical degrees of 
freedom, not all of scalar fields (pi are independent, i.e., they must be solution of equation 
Yl,i 4>i^Ai = 0. Notice that Majorana Xai = (eQ* Al ,QAi) T (where Qai are Weyl spinor) 
have two independent components. If we want to obtain nonzero solution of (pi for N = 2, 
equation J2i 4>i^Ai = requires detj^Ai, Qa2\ = 0. Then not all of Xai will be independent. 

For N > 3, it is always possible to find some (pi which satisfy equation ^ (PiXai = 
and keep all of Majorana spinor Xai independent. If we now take the limit Z ~ M — > oo 
and < M. >= 0, we still achieve QCD with four massless flavors. However, we can take 
another special limit: Z = 0, M — > oo. This limit also yields an theory with asymptotically 
freedom and with four flavor massless fermions no matter whether expectation value < 
M. > vanishes or not. This theory, in terms of Ads/CFT corresponds, can help us to 
calculate low energy behaviour of QCD from QCD directly. 

4. Conclusion and Discussion 

To conclude, we propose a new algebraic deformation of J\f = 4 SYM via decomposing 
fermion fields and scalar fields in vector supermultiplets. This decomposition generates 
degrees of freedom of usual quarks and leptons and a scale is introduced in the decompo- 
sition. The deformation model is a low energy effective (Nambu-Jona-Lasinio-like) model. 
In appropriate limit, supersymmetry is broken and the deformation model reduces to a 
SM-like model, or a QCD-like model. The scale, meanwhile, corresponds to scale of super- 
symmetry breaking. In the SM-like model, four generation fermions are required and the 
mass gaps among these generation are created by central charge Zab of supersymmetry 
algebra. There are no Higgs bosons. The gauge symmetry is spontaneously broken by 
nontrivial supersymmetric vacuum. This mechanism indeed yields masses of part of gauge 
bosons and mass gap among fermions of same generation. We also show how to obtain a 
QCD-like model via deformation of N = 4 SYM. 

The essential idea of supersymmetry is symmetry between fermion and boson. How- 
ever, in traditional SUSY model we have to introduce extra bosons or fermions as super- 
partner of known fermions or bosons for achieving supersymmetry. On the contrary, in 
this paper, we reveal a mechanism that SUSY can be a symmetry between known fermions 
and bosons. Then it is not necessary to introduce extra chiral supermultiplet when we con- 
struct SSM from SYM. It also indicates that we do not need so many dynamical degrees 
of freedom in any SUSY models. 

There is problem on fermion mass matrix V\?AB,ij = Zab < e ia ^ i ~^^ Mij >. It is 
(4x4)® (N x N) dimension matrix and is antisymmetric for R-symmetry indexes A, B as 
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well as gauge group indexes i, j. This matrix has 2N real, positive and different eigenvalues. 
So that every two generation fermions are degenerated. This result is not supported by 
spectrum of standard model. However, it should be pointed out that the decomposition 



eqs. (|2.3D, (3.4) and fl3,6|) are not unique. There are many other possibilities. For example, 



we can take decomposition of Majorana spinor &a as 

^Aij = -^=Z AB ^\ B j + .... (4.1) 

This decomposition adds an extra term ZAcZcB$ij/M' to mass matrix WAB,ij- Then 
diagonalization on this term releases the degeneration among those fermions and may 
push mass of the fourth generation fermion to very heavy if M' < M. It also means that 
a complete study on this type of deformation of N = 4 is still needed. 

In this paper, our study on deformation of M = 4 SYM can be easily extended to other 
J\f values. Of course, it is unambiguous that N = 4 SYM is very special. It plays a role 
connecting superstring theory in ten dimensions and standard model in four dimensions. 
In addition, our study can be extended to two different directions: 

1 The idea of Ads/CFT corresponds can be used in this deformation model. For ex- 
ample, an important issue is to find the corresponding deformation of supergravity 
in 5-d Ads space. Then we can calculate strong coupling limit of standard model 
by Ads/CFT corresponds. In particular, it provides a feasible method to calculate 
meson dynamics in low energy from QCD directly. Another interesting issue is to 
study holographic renormalization group pi of the deformation model. 



2 If we take gauge group of M = 4 SYM including SU(3) C x SU(2) L x U(l)y group, 
such as SU(5), we can study whether we can obtain a complete standard model 
via deformation of SYM with extended super symmetry. This deformation may be 
more complicated than one suggested in this paper, but essential idea is still that the 
matter fields should be generated by decomposition of superpartner of gauge bosons. 

The studies on these aspects will be seen in future papers. 

The deformation of this paper is entirely algebraic. It is not doubted that this defor- 
mation on J\f = 4 SYM acquires considerable success. However, we believe that this defor- 
mation should be inspired by certain underlying dynamical mechanism. Unfortunately, it 
has to still be an unsolved problem so far. 
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